One of the major biological functions of the retinal pigmented epithelium (RPE) is the clearance of shed photoreceptor outer segments (POS) through a multistep process resembling phagocytosis. RPE phagocytosis helps maintain the viability of photoreceptors that otherwise could succumb to the high metabolic flux and photo-oxidative stress associated with visual processing. The regulatory mechanisms underlying phagocytosis in the RPE are not fully understood, although dysfunction of this process contributes to the pathogenesis of multiple human retinal degenerative disorders, including age-related macular degeneration. Here, we present an integrated transcriptomic, proteomic, and phosphoproteomic analysis of phagocytosing RPE cells, utilizing three different experimental models: the human-derived RPE-like cell line ARPE-19, cultured murine primary RPE cells, and RPE samples from live mice. Our combined results indicated that early stages of phagocytosis in the RPE are mainly characterized by pronounced changes in the protein phosphorylation level. Global phosphoprotein enrichment analysis revealed involvement of PI3K/Akt, mechanistic target of rapamycin (mTOR), and MEK/ERK pathways in the regulation of RPE phagocytosis, confirmed by immunoblot analyses and in vitro phagocytosis assays. Most strikingly, phagocytosis of POS by cultured RPE cells was almost completely blocked by pharmacological inhibition of phosphorylation of Akt. Our findings, along with those of previous studies, indicate that these phosphorylation events allow the RPE to integrate multiple signals instigated by shed POS at different stages of the phagocytic process.
recognize phosphatidylserine (PtdSer), which decorates the plasma membrane of the most distal portions of the POS (6) . This substrate is detected either directly by the scavenger receptor CD36 (7, 8) or through opsonins like Gas6/ProS and MFG-E8, for the Mer receptor tyrosine kinase (MERTK) (9) and integrin ␣v␤5 (10), respectively. Once recognized, POS material binds to the RPE plasma membrane, initiating a signal transduction pathway that results in the phosphorylation and activation of intracellular kinases, such as focal adhesion kinase and Src (11, 12) , amplifying the signal and preparing the cell for engulfment. Although several other signal transduction members have been implicated in downstream signaling, including p130 cas and Rac1, as well as other members of the small GTPase family (11, 13) , just how initiation of the signal transduction pathway causes a large rearrangement of the underlying cytoskeleton and subsequent ingestion is poorly understood.
Once initiated, signal transduction pathways can be amplified in several ways, including post-translational modifications and second messenger generation, with protein phosphorylation representing one of the best-studied systems. From previous work, it is clear that phosphorylation is an essential component of RPE phagocytosis (14) , with at least three aforementioned kinases being unequivocally linked to this process. The lack of significant scientific progress in this area stems mainly from its complexity, which involves a close interaction between two postmitotic cell types. Protocols for the isolation of pure RPE cells and POS from a number of species have facilitated the development of several ex vivo assays. Additionally, due to its circadian nature, investigators have observed a significant burst of phagocytosis shortly after sunrise, allowing time course experiments to be performed during a typical day/night cycle. Here we used an unbiased approach to probe phosphorylation events that occur during engulfment of POS in three different biological settings. Thus, mass spectrometry was employed to quantitatively analyze the phosphoproteome of the human-derived RPE-like cell line, ARPE-19, as well as the phosphoproteome of cultured primary RPE cells and RPE samples from live animals taken at different times during a 24-h period that matched the high and low levels of RPE phagocytosis in vivo. We then created a catalogue of phosphosites that revealed a change in phosphorylation state during RPE phagocytosis. Validation of several targets with phospho-specific antibodies and pharmacological inhibitors provided evidence for the circadian role of three interconnected signal transduction pathways, the MAPK, PI3K/Akt, and non-canonical Wnt pathways, which previously had not been appreciably associated with this process.
Results

Quantitative proteomic and phosphoproteomic analyses of ARPE-19 cells
To explore novel and important regulatory mechanisms related to RPE phagocytosis, we designed transcriptomic, proteomic, and phosphoproteomic experiments using three different sources of RPE cells: human-derived RPE-like ARPE-19 cells that retain the ability to phagocytose POS (15) , cultured primary RPE cells, and native RPE cells isolated directly from mouse eyes.
Our initial analysis involved ARPE-19 cultured cells, which allow good control over experimental conditions and use of the stable isotope labeling by amino acids in cell culture (SILAC) method for unbiased, highly reproducible quantitative proteome and phosphoproteome profiling. To extensively characterize changes induced by POS stimulation, SILAC-labeled and unlabeled cells were exposed to POS for different time periods (15, 30, 60, 90 , and 120 min) or left unchallenged (0 min, control conditions). Labeled cell lysates were pooled and spiked into each unlabeled cell lysate, resulting in a total of 18 samples (n ϭ 3) used for further LC-MS/MS analysis (supplemental Fig. S1 ). For each sample, an unenriched and phosphopeptide-enriched fraction was analyzed with a 4-h gradient run on a Q-Exactive mass spectrometer, resulting in a total of 36 runs.
Pairwise Pearson's correlation analyses of 18 measurements on both the ARPE-19 proteome and phosphoproteome showed good reproducibility between biological replicates (supplemental Fig. S2A ). Both data sets also exhibited good clustering of the biological replicates as well as a separation between treated and control (0-min) samples in principal component analysis (supplemental Fig. S2B ). Using a false discovery rate (FDR) of 1%, we identified a total of 2571 protein groups in the proteomic analysis ( Fig. 1A) , among which 2307 exhibited a minimum of two peptide ratio counts, and 6918 phosphorylation events on 1990 phosphoproteins. For further downstream bioinformatic analyses, we selected a data set containing only accurately quantified proteins and phosphorylation events. This resulted in more stringent, filtered data sets of 1762 proteins (referred to as the ARPE-19 proteome, supplemental Data Set S1) and 2546 class I phosphorylation sites (referred to as the ARPE-19 phosphoproteome, characterized by a localization probability score Ͼ0.75, supplemental Data Set S2). These accurately quantified phosphosites included 2307 pSer (90.6%), 223 pThr (8.8%), and 16 pTyr (0.6%) residues, exhibiting an abundance ratio similar to that of previously published phosphoproteome data sets (16) .
As shown in Fig. 1A , statistical analysis with the one-way ANOVA identified 265 proteins (15.0%) and 1597 phosphosites (62.7%) which were significantly altered between at least two time points (q Ͻ 0.05). By comparing proteomic and phosphoproteomic data, we found most of the observed significant alterations to be exclusively related with one of the two data sets ( Fig. 1B) . Interestingly, the amplitude of phosphorylation change greatly exceeded the amplitude of protein abundance, as the mean logarithmic -fold changes of the POS-stimulated phosphoproteome and proteome were found to be 0.92 and 0.19, respectively. IGFBP3, an insulin-like growth factor-binding protein known to induce phagocytosis in ARPE-19 cells (17) , was the only protein in which the abundance change was Ͼ2-fold. In contrast, over one-third of significantly altered phosphosites (557 of 1597, 34.9%) exhibited a Ͼ2-fold change in their phosphorylation levels (Fig. 1C ). This much greater dynamic change in the phosphorylation status compared with the protein abundance suggests that post-translational mechanisms play a prominent role in the phagocytosis response within the time frame of our experiments.
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To further characterize proteome and phosphoproteome fluctuations during POS phagocytosis progression, we performed a hierarchical clustering analysis of both significantly altered data sets. Interestingly, clustering of the phosphoproteome revealed a clear segregation into four clusters, reflecting four distinct patterns of phosphorylation progression (Fig. 1D ). The observed behaviors included either a rapid significant change (increase or decrease) followed by a slow return to the initial state (clusters 2 and 3) or, conversely, a progressive and prolonged phosphorylation change (clusters 1 and 4). In fact, both pairs of clusters were mirror images of each other. In the case of 72 phosphorylation sites, we were unable to detect their respective phosphopeptides in all three untreated biological replicates, suggesting their low phosphorylation levels under control conditions. Those sites, which may possibly undergo a qualitative change of their phosphorylation status in response to POS stimulation, were moved into a separate cluster (Cluster 0; supplemental Fig. S3 ). In total, more than half of the phosphosites exhibited increased phosphorylation after 15 min of POS challenge (925 of 1597, 57.9%, clusters 3, 4, and 0), most of which also revealed a sharp phosphorylation peak at this time point.
To gain insight into the biological relevance of the POS-stimulated proteome and phosphoproteome identified here, we performed a gene ontology (GO) enrichment analysis using the bioinformatics resources available via DAVID. POS-stimulated proteins were selectively enriched for several GO terms, including extracellular matrix, adherens junction (cell component), cell adhesion (biological process), and cell adhesion molecule binding (molecular function). Compared with this data set, the POS-stimulated phosphoproteome showed an overrepresentation of GO terms associated with cell-cell junction, actin cytoskeleton, single-organism organelle organization, and cytoskeletal protein binding (supplemental Table S1 ). May et al. (18) pointed out that all phagocytic processes are driven by a finely controlled rearrangement of the actin cytoskeleton. Our analysis confirmed that phosphorylation events associated with the cell-cell junction and cytoskeletal protein binding are specifically involved in phagocytosis regulation.
Predicted kinase regulators of the POS-stimulated ARPE-19 phosphoproteome
To identify putative protein kinases that might modulate POS-stimulated phosphorylation events, we employed iGPS analysis (a GPS algorithm with the interaction filter, 1.0). A total of 12,181 potential site-specific kinase-substrate relationships were predicted within a significantly altered phosphoproteome, yielding 357 protein kinases targeting 398 substrates proteome and phosphoproteome. Only 265 of 1762 (15%) accurately quantified proteins responded to POS stimulation, whereas almost 63% of class I phosphorylation events (1597 of 2546) were significantly altered under the same conditions. B, relationships between accurately quantified (Q) and significantly altered (A) proteome (gray) and phosphoproteome (blue). C, abundance profiles of significantly altered proteome (gray) and phosphoproteome (blue). D, hierarchical clustering analysis of significantly altered proteins/phosphosites (in rows), according to their abundance profile over time (in columns). Relative abundance levels are represented with color-coded boxes (blue, low; red, high). Quantification for three biological repetitions is presented for each time point. In the center, superimposed diagrams of phosphorylation level changes over time in four clusters of phosphosites are shown. The four typical responses to POS challenge were as follows: a slow constant phosphorylation decrease (Cluster 1), a significant phosphorylation decrease followed by a slow increase (Cluster 2), a significant phosphorylation increase followed by a slow decrease (Cluster 3), and a slow constant phosphorylation increase over the experimental time period (Cluster 4). The chart on the right shows the top three enriched biological process gene ontology terms (BP-FAT) within each cluster of the POS-stimulated ARPE-19 phosphoproteome. Cluster 3 exhibited specific enrichment in the regulation of the GTPase activity biological process GO term.
(695 phosphopeptides) with a coverage rate of 43.7%. Next, we checked the enrichment of predicted kinases within the four previously defined phosphosite clusters ( Fig. 2A ). Cluster 3, which included sites markedly overphosphorylated shortly after POS challenge, showed the highest enrichment in predicted kinase regulators belonging mostly to the AGC, AGC/ RSK, AGC/PKC, and CAMK groups (Fisher's exact test, p Ͻ 0.05, relative to the total POS-stimulated phosphoproteome). A detailed predicted network of interactions is shown in supplemental Fig. S4 . Multiple kinases belonging to CMGC and CMGC/CDK groups were also predicted to target Cluster 1 phosphosites. Because we observed a gradual decrease in phos-phorylation levels for these sites, this result could suggest which kinases are less relevant for phagocytosis regulation.
To further analyze potential regulators of phagocytosis-related phosphorylation events, we performed iceLogo analysis within the defined clusters that revealed enrichment of particular amino acids surrounding the phosphorylation sites ( Fig.  2B ). In accordance with our previous kinase enrichment analysis, most Cluster 1 phosphosites possessed a Pro residue at the ϩ1 position required for phosphorylation by Pro-directed kinases belonging to the CMGC group. In contrast, the consensus sequence for Cluster 3 phosphosites showed a high avoidance for Pro in the ϩ1 position. However, sites in Cluster 3 were 
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significantly overrepresented (p Ͻ 0.05) with Arg-directed and Leu-containing motifs, including Arg/Leu and Arg at the Ϫ5 and Ϫ3 positions, as well as hydrophobic amino acids at the ϩ1 position. Interestingly, when compared with the Akt-regulated substrate sequence (Arg-X-Arg-X-X-Ser/Thr-Y, where Y tends to be a hydrophobic residue (19) ), Cluster 3 exhibited favorable substrate relations with Akt kinase. Moreover, when compared with the whole POS-stimulated phosphoproteome, Cluster 3 was selectively enriched for the regulation of GTPase activity GO biological process, known to be highly modulated/phosphorylated by Akt through the PI3K/Akt pathway (Fig. 1D ).
In evaluating to what extent POS-stimulated phosphorylation events may be involved in PI3K/Akt as well as the intercon-nected mTOR and MEK/ERK signaling pathways, we integrated our phosphoproteome data into known pathway mappings from the KEGG database ( Fig. 3 ). Here, 54 POS-stimulated phosphorylation changes on 28 proteins were found to berelatedtoallthreepathways,mostofwhichinvolvedoverphosphorylation events (40 of 54, 74.1%, Clusters 3, 4, and 0). Whereas the upstream proteins exhibited a well-balanced mix of increased and decreased phosphorylation, the downstream components were largely overphosphorylated, preferably achieving the maximum 15 min after POS stimulation (Cluster 3). Interestingly, the MEK-ERK axis exhibited only overphosphorylated events. Collectively, our data suggest that phosphorylation events responding to POS stimulation, especially those 
associated with the regulation of GTPase activity, are modulated by associated AGC kinases related to PI3K/Akt/mTOR/ ERK signaling cascades.
Transcriptome and phosphoproteome of cultured primary RPE cells
The biology of ARPE-19 cells differs in various aspects from that of their native counterparts (20) . For this reason, we complemented the observations provided by the previous analysis with a system that would more closely mimic the in vivo process while continuing to provide the control offered by cultured cells. A previously established ex vivo phagocytosis assay with cultured primary RPE cells from mice was chosen for this analysis (21) , but due to known limitations of this method (the low number of cells present in a mouse eye with poor proliferation in culture), we focused instead on a much less material-consuming transcriptome profiling, while limiting the phosphoproteomic analysis to just a qualitative registration of phosphorylation events found in POS-challenged cells. In both cases, cells were challenged with isolated POS for 90 min, a period shown in our ARPE-19 analysis to induce a sufficient change in the phosphorylation response.
Less than 2.5% of genes exhibited differential expression in response to POS challenge (supplemental Fig. S5 ), indicating that phagocytosing RPE cells undergo only mild transcriptome changes at early stages of the phagocytosis process. Interestingly, GO term analysis of all significantly altered genes revealed a significant overrepresentation of RNA polymerase II transcription factors and mitogen-activated protein kinase ERK1/2 signaling pathway regulators (supplemental Fig. S5D ). By analyzing the phosphoproteome of POS-challenged primary RPE cells, we accurately identified 1199 phosphosites (assuming a localization probability score Ͼ0.75, supplemental Data Set S3), confirming the phosphorylation status of 678 proteins. This included 345 sites homologous to those of the Class I ARPE-19 phosphoproteome, most of which (231 phosphosites, 70%) were also homologous to the significantly altered subset of the ARPE-19 phosphoproteome. This shared data set of 231 phosphosites evidenced strong enrichment in the germ cell-Sertoli cell junction signaling pathway (supplemental Fig. S5E ), confirming a high functional similarity between Sertoli and RPE cells, both known for their phagocytic capabilities. Other prominently enriched pathways included those involving cell assembly and organization, such as cell junctions and the actin cytoskeleton. This observation suggests a good mouse-human interspecies conservation of crucial phosphorylation sites related to structural rearrangements of phagocytosing RPE cells.
Quantitative proteomic and phosphoproteomic analyses of native RPE cells
To further characterize the spectrum of highly relevant phosphorylation events involved in RPE phagocytosis, we then analyzed the phosphoproteome of RPE cells sampled directly from live animals. That RPE phagocytosis is a circadian-regulated process permitted a precise collection of samples representing both high and low levels of RPE phagocytosis (cells harvested at 7:30 a.m. and 3 p.m., respectively). Proteins in each native RPE sample were extracted and enzymatically digested, and the phosphopeptide-enriched fraction was analyzed by LC-MS/ MS. In parallel with the RPE phosphoproteome study, a portion of peptides released by protease digestion in each sample was used for the RPE quantitative proteomic analyses via a stable isotope dimethyl labeling strategy.
A total of 1750 proteins (proteome; supplemental Data Set S4) and 922 class I phosphorylation sites on 615 proteins (phosphoproteome; supplemental Data Set S5) were accurately quantified with a minimum of 3 of 6 MS measurements (Fig.  4A) . Notably, 220 proteins were common to both data sets (Fig.  4B ). Moreover, 105 proteins in the proteomic analysis (105 of 1750, 6.0%) and 57 phosphopeptides in the phosphoproteomic analysis (57 of 922, 6.2%) exhibited a significantly altered abundance between the two analyzed time points. Comparison of the significantly altered RPE phosphoproteome and proteome revealed that both data sets exhibited almost equal numbers of up-and down-regulation events (Fig. 4, C and D) . The significantly altered RPE phosphoproteome displayed much higher amplitudes of change (mean of 3.1-fold) than the respective proteome data set (mean of 1.2-fold; Fig. 4F ). Indeed, for the only protein that exhibited a significant fluctuation at both the protein and phosphorylation level, namely GRK1 (rhodopsin kinase), the magnitude of the phosphorylation oscillation at Ser-491 greatly exceeded the magnitude of protein abundance change ( Fig. 4E ). To delve into the relationship between the significantly altered proteome and phosphoproteome, we then used STRING to construct direct protein interaction networks. The top function within the largest protein interaction network was protein binding (Fig. 4G ). This network included a large number of proteins and phosphorylation events involved in actin filament-based processes. Prior studies have shown that such processes are one of the modulators responsible for phagocytosis-regulated movements on a cell surface (22) .
The limited change in the native RPE phosphoproteome compared with the broad response observed in ARPE-19 cell culture may be explained in part by a high in vivo cell-to-cell variability combined with the dynamics of phosphorylation signaling (23) . In consequence, only 15 proteins and 16 phosphorylation sites exhibited significant changes in both experiments (supplemental Table S2 ). Notably, three identified phosphoproteins (mitogen-activated protein kinase 1 (MAPK1/ERK2), heterogeneous nuclear ribonucleoprotein U (HNRNPU/SAF-A), and thyroid hormone receptor-associated protein 3 (THRAP3/TRAP150)) are known modulators of circadian clock function in humans. The two latter were shown to directly influence function of BMAL1 (24, 25) , a core component of the clock system, suggesting a possible link between circadian machinery and phagocytosis regulation.
Changes in the PI3K/Akt, mTOR, and MEK/ERK signaling pathways related to phagocytosis
Activation of the mTOR and PI3K/Akt pathways has been widely studied with respect to a number of physiological and pathological processes, including cell cycle regulation, apoptosis, and cancer. The role of these pathways in RPE phagocytosis has remained obscure, but recently it was shown that pharmacological inhibition of PI3K, a common upstream signaling Signaling pathways during RPE phagocytosis component for both pathways, by treatment with LY294002 markedly reduced phagocytosis in cell culture (26) . Our ARPE-19 phosphoproteome study revealed increased phosphorylation of multiple PI3K/Akt, mTOR, and MEK/ERK pathway components in response to POS challenge ( Fig. 3) . Moreover, our transcriptomic analysis showed differential expression of MEK/ERK pathway regulators shortly after phagocytosis induction in cultured mouse RPE (supplemental Fig. S5D ).
To further evaluate the role of mTOR and PI3K/Akt pathways in RPE phagocytosis, we initially focused on Akt, an important signaling node in both cascades and a downstream substrate for PI3K. Pharmacological inhibition of Akt phosphorylation with Akt inhibitor IV resulted in complete ablation of RPE phagocytosis in POS-challenged primary RPE cell culture (Fig. 5A) . In contrast, we found that Ser-473 of Akt was overphosphorylated in POS-exposed RPE cells (Fig. 5B ). Activation of Akt by this phosphorylation involves the direct action of mTOR kinase, known for its role in several other signaling pathways (26) . To further confirm the importance of this phosphorylation event in RPE phagocytosis, we used the dual mTOR inhibitor KU-0063794 to inhibit the mTOR pathway in a similar assay. This treatment of POS-challenged primary RPE cells resulted in a significant reduction (p Ͻ 0.0001) in RPE phagocytosis ( Fig. 5A ) as well as nearly complete inhibition of Akt Ser-473 phosphorylation (Fig. 5B ). Taken together, these observations suggest that phagocytosis initiation requires stimulation of PI3K/Akt and mTOR signaling pathways.
Multiple downstream components of the PI3K/Akt pathway showed significantly altered phosphorylation levels in our ARPE-19 phosphoproteome analysis (Fig. 3) . These included increased phosphorylation of ␤-catenin (CTNNB1) Ser-552 and glycogen synthase kinase ␤ (GSK3␤) Ser-9 under POS challenge. To validate these results, we performed immunoblot analyses of the two proteins in cultured primary RPE cells using antibodies with specificity for their particular phosphorylation sites. In agreement with the phosphoproteomic data, we observed an increased phosphorylation in response to POS 
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challenge in both cases (Fig. 5C ). Because transcriptomic analysis showed enrichment in ERK signaling pathway regulators and ERK1/ERK2 kinases exhibited increased phosphorylation in ARPE-19 cells, we decided to validate their phosphorylation status in cultured RPE as well. Both ERK1 (MAPK3) and ERK2 (MAPK1) at residues Thr-202/Tyr-204 and Thr-185/Tyr-187, respectively, showed a positive response to POS challenge (Fig. 5C ).
Discussion
Phagocytosis of POS by the RPE cell layer occurs as a highly synchronized process that bursts every morning after the onset of light. Its spatio-temporal nature requires tight coordination of multiple events that allow specific recognition, binding, internalization, and ultimate digestion of shed photoreceptor outer segments. To gain a global view of the regulatory mechanisms that underlie phagocytosis in the RPE, we used a holistic approach by evaluating the spectrum of transcriptomic, proteomic, and phosphoproteomic changes induced by POS stimulation. To ensure fully unbiased results, we employed three different experimental models: an immortalized RPE-derived cell line (ARPE-19), a primary cell culture of mouse RPE, and native RPE obtained directly from live mice.
Our transcriptomic profile of cultured mouse RPE showed only minor changes resulting from phagocytosis induction (supplemental Fig. S5 ), suggesting more rapid cellular re-sponses to signals coming from shed POS. Indeed, we observed much more pronounced changes in phosphorylation than in protein abundance, both in ARPE-19 ( Fig. 1C ) and native RPE cells (Fig. 4F) . A recent study on phosphoproteome changes in the RPE induced by light exposure indicated differential phosphorylation of 60 phosphoproteins, mainly chaperones and proteins involved in cytoskeletal function (27) . However, the phosphoproteomic profile of phagocytosing RPE cells has not been reported to date.
Our study presents a comprehensive picture of the phagocytosis-related phosphosignaling network in RPE cells. We observed a limited overlap of significantly altered phosphorylation events between the ARPE-19 cell line and the native tissue, which may be explained by the inherent differences between the two experimental models. Nonetheless, we confirmed a significant activation of PI3K/Akt, mTOR, and MEK/ERK pathways during phagocytosis of POS, a physiological function of RPE cells. These interconnected signaling pathways control multiple cellular processes, including cell survival, division, and metabolism (28) . Both professional and non-professional phagocytes rely on signaling through the PI3K/Akt, mTOR, and MEK/ERK pathways for their phagocytic capability (29 -36) . Activation of PI3K/Akt was observed previously in RPE cells under oxidative stress (37) . Inhibition of PI3K but not downstream Akt inhibited phagocytosis 3 h after POS challenge of 
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RPE-J cells (26) . However, the same study showed that 7 h after POS challenge, Akt inhibition results in increased POS uptake. In contrast, our analysis of earlier events (1.5 h after POS challenge) shows a crucial stimulating role of Akt, evidenced by nearly complete ablation of phagocytosis under Akt inhibition with inhibitor IV (Fig. 5A ). This result coincides with increased phosphorylation of Akt Ser-473 that peaks shortly after challenge with POS. We observed a similar response by Rictor on residues Ser-21 and Ser-1284 as well as mTOR on Thr-1162 ( Fig. 3) , both forming a complex (mTORC2) that directly phosphorylates Ser-473 of Akt (38), suggesting its involvement in phagocytosis. In line with this hypothesis, inhibition of mTOR with KU-0063794 significantly reduced POS uptake within 1.5 h after the challenge (Fig. 5, A and B) . The opposite effect was observed 8 h after POS challenge with regard to mTORC1, another complex involving mTOR (39) .
We also observed increases in phosphorylation of crucial residues within the MEK-ERK axis, shortly after POS treatment in both ARPE-19 ( Fig. 3 ) and cultured RPE cells (Fig. 5C) . A similar response in both RPE models was also demonstrated by two downstream components of the Akt pathway, ␤-catenin and GSK3␤. Phosphorylation of ␤-catenin on Ser-552 promotes its dissociation from cell-to-cell contacts, nuclear accumulation, and transcriptional activity (40) , whereas GSK3␤ phosphorylated on Ser-9 positively regulates the stability of ␤-catenin (41). A similar phosphorylation pattern of ␤-catenin and GSK3␤ mediated by PI3K/Akt and mTOR pathways was observed previously in mouse RPE exposed to oxidative stress, which led to detrimental cell dedifferentiation and hypertrophy (42) . In addition, the ERK pathway also underwent an overphosphorylation in response to oxidative stress in ARPE-19 cells (43) .
Multiple phosphorylation events reported in this study have previously been associated with oxidative stress. Indeed, longterm responses to phagocytosis or oxidative stress share common features in human RPE (44) . However, an inhibitory effect of reactive oxygen intermediates on phagocytosis has also been observed (45) . Considering the dynamic nature of phosphorylation events, we can speculate that the role of particular phosphorylation cascades changes as the phagocytic process progresses, possibly as different stimuli reach the phagocytosing cell. In fact, it is still not well understood at a molecular level just how phagocytosis of POS is initiated. PtdSer exposed on the surface of POS is one well-known hallmark of phagocytosis initiation. PtdSer is recognized by MERTK, which is highly abundant in RPE cell-surface membranes, through an indirect interaction involving extracellular Gas6 and Protein S (46 -48) .
Receptor tyrosine kinases and their substrates are known activators of mTOR and PI3K/Akt pathways (49) . It is therefore possible that PI3K/Akt, mTOR, and MEK/ERK comprise core signal transduction pathways that integrate multiple consecutive signals emanating from shed POS (Fig. 5D ).
Previous studies have suggested a contribution of signaling through PI3K/Akt, mTOR, and MEK/ERK pathways in the pathophysiology of retinal degenerative disorders, including age-related macular degeneration (42, 50) , as well as possible treatments targeting those pathways (51, 52) . That these signaling cascades contribute to important physiological processes exerted by the RPE may at least partially explain the incomplete effectiveness of tested inhibitors.
Collectively, our results indicate that early stages of phagocytosis in the RPE are directed by signaling through mTOR, Akt, and MEK/ERK. Importantly, we discovered that the noncanonical Wnt pathway plays an important role in phagocytosis as well.
Experimental procedures
Chemicals
Ammonium bicarbonate (NH 4 HCO 3 ), DTT, iodoacetamide, urea, triethylammonium bicarbonate buffer, acetonitrile (ACN), TFA, ammonia, formic acid, sucrose, sodium chloride (NaCl), HEPES, formaldehyde (CH 2 O), formaldehyde-d 2 (CD 2 O), sodium cyanoborohydride (NaBH 3 CN), mTOR inhibitor, and KU-0063794 were obtained from Sigma-Aldrich. Inhibitors were dissolved in 100% DMSO to a concentration of 10 mM and used to treat cells at 10 M unless noted otherwise. Akt inhibitor IV was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). The radioimmunoprecipitation assay (RIPA) buffer was purchased from Cell Signaling Technology (Danvers, MA). Lys-C was procured from Wako Chemicals (Richmond, VA), and trypsin (TPCK-treated) was from Worthington. Dulbecco's phosphate-buffered saline (DPBS) was obtained from Gibco-Invitrogen (Burlington, Canada).
Animals and cell lines
Mice were housed in the animal facility at the School of Medicine, Case Western Reserve University under a 12-h light (ϳ10 lux)/12-h dark cyclic environment. All animal procedures and experiments were approved by the Case Western Reserve University Animal Care Committees and conformed to recommendations of both the American Veterinary Medical Association Panel on Euthanasia and the Association for Research in Vision and Ophthalmology. C57BL/6J mice used for RPE isolation were purchased from The Jackson Laboratory (Bar Harbor, ME). ARPE-19 cells purchased from ATCC (Manassas, VA) were cultured in DMEM/F-12 medium (Invitrogen) supplemented with 10% FBS and 28 g/ml gentamicin (Gibco-Invitrogen) at 37°C in 5% CO 2 , according to the manufacturer's recommendations.
SILAC of an ARPE-19 cell line
ARPE-19 cells were cultured in customized DMEM/F-12 by AthenaES (Baltimore, MD) in which the natural arginine and lysine were replaced by heavy isotope-labeled amino acids (heavy media), 13 C 6 15 N 4 L-arginine (Arg-10) and 13 C 6 15 N 2 L-lysine (Lys-8), both from Sigma-Aldrich, at final concentrations of 147 and 91 mg/liter for arginine and lysine, respectively. The medium was supplemented with 17 mg/liter methionine (Sigma-Aldrich), 10% (v/v) dialyzed FBS (Gibco-Invitrogen), 1 mM sodium pyruvate (Gibco-Invitrogen), and 28 g/ml gentamicin (Gibco-Invitrogen). Isotope-labeled ARPE-19 cells were generated by growth for at least 10 doublings in SILAC medium to allow complete intracellular incorporation of the isotopically labeled amino acids.
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Both unlabeled (light) and SILAC-labeled (heavy) ARPE-19 cells were grown in 15-cm dishes to achieve confluence in about 7 days under standard growth conditions. POS membranes from bovine retinas for phagocytosis induction were isolated as described previously (53, 54) ; resuspended in 10 mM sodium phosphate buffer, pH 8.0, containing 150 mM NaCl and 2.5% sucrose; and kept at Ϫ80°C before use. ARPE-19 cells were washed three times with ice-cold DPBS and challenged with POS at a density of ϳ10 POS/ARPE-19 cell for the periods indicated (15, 30, 60, 90 , and 120 min; n ϭ 3). Unchallenged APRE19 cells (denoted as 0 min) were used as controls for the downstream proteomic and phosphoproteomic analyses.
Quantitative proteomic and phosphoproteomic analysis of ARPE-19 cells
POS-challenged and control ARPE-19 cells were washed twice with ice-cold DPBS and lysed by the addition of 1 ml of RIPA buffer with protease inhibitor mixture (Complete Mini, Roche Applied Science, Mississauga, Canada) and a phosphatase inhibitor tablet (PhosStop, Roche Applied Science). Lysates were ultrasonicated three times (10-s pulses each with Ͼ30 s of incubation on ice between each pulse) and centrifuged for 10 min at 16,000 ϫ g. Five volumes of ice-cold acetone were added to lysates that were then left to precipitate overnight at Ϫ20°C. Precipitates were pelleted by centrifugation (4500 ϫ g, 10 min, 4°C), washed three times with ice-cold acetone, and resolubilized in 400 l of a 50 mM NH 4 HCO 3 solution containing 8 M urea. Protein concentrations were determined with a Bio-Rad Bradford protein assay kit (Mississauga, Canada). Isotope-labeled samples from each time point were first pooled and then mixed with each unlabeled sample (500 g of protein) in a 1:1 (w/w) ratio. Resulting samples (1 mg of protein each) were reduced with 5 mM DTT at 37°C for 45 min and alkylated with 10 mM iodoacetamide in the dark at room temperature for 30 min. Next, samples were diluted with 5 volumes of 50 mM NH 4 HCO 3 , pH 8.5, to reduce the urea concentration to Ͻ2 M and then digested with Lys-C at 37°C for 2 h (1:50 (w/w) enzyme/protein ratio). TPCK-treated trypsin at the same ratio was added to each sample before overnight incubation at 37°C. For proteome analysis, 0.1 mg of the resulting peptides was desalted with in-house C18 desalting cartridges and dried in a SpeedVac before LC-MS analysis. For phosphoproteomic analyses, 0.9 mg of digested peptides from each sample was desalted with SepPak C18 cartridges (Waters, Mississauga, Canada), dried, and enriched for phosphopeptides by a Ti 4ϩ -IMAC bead-based procedure described previously (55) . Briefly, each sample (0.9 mg of digested peptides) was resuspended in 1 ml of loading buffer (80% (v/v) ACN and 6% (v/v) TFA) with a 900-l Ti 4ϩ -IMAC bead slurry (10 mg of beads in 1 ml of loading buffer) for 30 min at 4°C. After centrifugation (16,000 ϫ g, 10 min), beads were washed with 300 l of washing buffer 1 (50% (v/v) ACN, 6% (v/v) TFA, and 200 mM NaCl) followed by two washes with 300 l of washing buffer 2 (30% (v/v) ACN and 0.1% (v/v) TFA). Phosphopeptides were eluted from the beads by adding 500 l of 10% (v/v) ammonia and vortexed for 15 min at 4°C. After centrifugation (16, 000 ϫ g, 10 min) , the superna-tants were collected, acidified with 10% (v/v) TFA, desalted with in-house C18 desalting cartridges, and dried in a SpeedVac before LC-MS analysis.
Mouse RPE isolation
The RPE was isolated from 10 -12-day-old C57BL/6J mice as described previously (56) . Briefly, eyes were removed from animals and washed twice in DMEM (Thermo Fisher Scientific) supplemented with non-essential amino acids. Eyes were incubated in 2% dispase (Thermo Fisher Scientific) solution for 45 min in a 37°C water bath with occasional tube inversion. Then eyes were washed twice in cold DMEM plus streptomycin/penicillin (Thermo Fisher Scientific), 10% FBS (Thermo Fisher Scientific), and 20 mM HEPES, pH 7.2. After eye enucleation, the cornea, lens, and iris were removed. Eye cups were incubated with DMEM plus streptomycin/penicillin, 10% FBS, and 20 mM HEPES, pH 7.2, in a 37°C incubator for 15 min to facilitate removal of the neural retina. After neural retina removal, sheets of continuous RPE were peeled from the choroid and pipetted into a tube containing RPE growth medium (DMEM plus streptomycin/penicillin, 1ϫ non-essential amino acids, and 10% FBS). RPE sheets were subsequently filtered with a 40-m cell strainer (Thermo Fisher Scientific) to remove contaminating cell types. Sheets were spun at 200 ϫ g for 3 min and then suspended in the RPE growth medium (for subsequent culturing) or placed in 1 ml of RIPA buffer (for MS analysis).
Primary RPE cell culture and phagocytosis assays
Disrupted RPE cells were seeded onto 24-well, 0.4-m transwell permeable supports (Corning Inc., Corning, NY) with the RPE from ϳ1 eye/well to allow polarization of cells. Cells were grown for 5-6 days at 37°C in 5% CO 2 before their use in phagocytosis assays. Cultured RPE cells were challenged with mouse POS membranes for 1.5 h at a density of ϳ10 POS/RPE cell at 37°C in 5% CO 2 . Cells were subsequently washed three times with DPBS, suspended in 100 l of DPBS/well, and transferred to a 1.5-ml centrifuge tube. Cells then were pelleted at 1500 ϫ g at 4°C for 15 min. The supernatant was discarded, and cell pellets were either lysed when proceeding with an immunoblot analysis, snap frozen, and stored at Ϫ80°C for MS analysis or suspended in RNAlater stabilization reagent (Qiagen, Valencia, CA) for RNA-seq analysis.
For inhibitor phagocytosis assays, cells were preincubated with the inhibitor in serum-free medium for at least 2 h before challenge. Then cells were challenged with either unlabeled or FITC-labeled POS, for immunochemistry or fluorescence imaging, respectively. POS membranes were covalently labeled with FITC (Thermo Fisher Scientific) according to established protocols (15) . POS were suspended in DMEM plus streptomycin/penicillin, 10% FBS, and 2.5% sucrose. Then 50 l of this mixture was added to the top of a transwell membrane, whereas 700 l of DMEM alone plus streptomycin/penicillin and 10% FBS was added to the well of the plate. Assay mixtures were incubated in the dark at 37°C for 1 h. Cells were then washed three times with DPBS. FITC fluorescence of externally bound photoreceptor POS was quenched by incubation with 0.2% trypan blue/DPBS (Thermo Fisher Scientific) for 10 min, after which cells were washed three times with DPBS. For imaging,
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cells were fixed with ice-cold methanol for 5 min at 4°C followed by 4% paraformaldehyde/DPBS at room temperature for 10 min. Fixed cells were washed three times with DPBS. Nuclear staining was achieved by incubation with Hoechst stain (10 M final) for 30 min at room temperature. Cells then were washed in DPBS an additional three times. Transwell membranes were removed from supports and mounted onto microscope slides with ProLong Gold antifade agent (Thermo Fisher Scientific). For immunochemistry, cells were lysed in Laemmli sample buffer (Bio-Rad).
Qualitative phosphoproteomics of cultured RPE cells
POS-challenged RPE cells were pooled together and lysed in urea lysis buffer (20 mM HEPES, 9 M urea, pH 8.0) supplemented with protease inhibitor mixture and a phosphatase inhibitor tablet. Protein content was determined with a Pierce BCA protein assay kit (Thermo Fisher Scientific). For pSer and pThr identification, a TiO 2 phosphopeptide enrichment kit (Thermo Fisher Scientific) was used, whereas for pTyr identification, a PTMScan phosphotyrosine rabbit mAb (P-Tyr-1000) kit (Cell Signaling Technology) was employed. Both 280 and 500 mg of protein were used for the analyses. In both cases, protein digestion, phosphopeptide enrichment, and purification were performed based on the respective manufacturers' suggestions.
Transcriptomic analysis of cultured RPE cells
POS-challenged and control RPE cells (n ϭ 3) were used for RNA isolation with TRIzol (Thermo Fisher Scientific), followed by poly(A) RNA fraction isolation with an Oligotex kit (Qiagen), according to the manufacturer's directions. Six cDNA libraries were generated (one for each biological replicate under each condition) and run separately, each on two lanes of the Genome Analyzer IIx (Illumina, San Diego, CA) in the Genomics Core Facility at Case Western Reserve University. Raw reads were processed and aligned with the University of California, Santa Cruz (UCSC) mouse genome assembly and transcript annotation (mm10) using the Genomic Short-read Nucleotide Alignment Program (GSNAP (57)). The Rsubread package (58) was used for read quantification. Genes with Ͻ0.5 counts/million mapped reads in at least three libraries were removed from the subsequent analyses. Additionally, data sets were corrected against potential photoreceptor contamination by removing a set of genes exhibiting very high expression in mouse photoreceptors as compared with the RPE (59) . Data normalization and differential expression analyses were performed with DESeq2 (60), with a Benjamini-Hochberg adjusted p value Ͻ0.05 considered as statistically significant. DAVID software (61) was used for GO annotation.
Quantitative proteomics and phosphoproteomics of native RPE cells
RPE cells were isolated from eyes removed from mice at 7:30 a.m. and 3 p.m. (10 mice for each sample, n ϭ 3 for each time point). Disrupted cells were resuspended in 1 ml of RIPA buffer and precipitated with 5 ml of ice-cold acetone at Ϫ20°C overnight. Precipitates were centrifuged, washed with ice-cold acetone, resolubilized in 50 mM NH 4 HCO 3 , 8 M urea buffer, and protein concentrations were determined with the Bradford assay. Then 650 g of protein in each sample was reduced, alkylated, digested with Lys-C and trypsin, desalted with a Sep-Pak C18 cartridge, and dried in a SpeedVac. For quantitative analyses, stable isotope dimethyl labeling of peptides was performed (61) . Briefly, samples were reconstituted in 100 mM triethylammonium bicarbonate buffer, pH 8.0, and divided into halves (325 g of digested peptides each), which were isotopically labeled with either 0.2% CH 2 O and 30 mM NaBH 3 CN (light (L) form labeling) or 0.2% CD 2 O and 30 mM NaBH 3 CN (intermediate (M) form labeling). Ammonium solution was used to quench the reaction, and formic acid was used to acidify the samples. Next, six of the intermediate labeled peptide samples (325 g each) were pooled together as a reference and diluted into each light sample (325 g) with a 1:1 protein weight ratio (a total of 650 g of peptides in each sample). The resulting samples were desalted with SepPak C18 cartridges and dried by a SpeedVac. In each case, 65 g of peptides were used for the proteome analysis, whereas 585 g of peptides were subjected to phosphopeptide enrichment with Ti 4ϩ -IMAC beads used for the phosphoproteome analysis.
LC-MS analysis
ARPE-19 and native RPE peptide samples were reconstituted in 100 l of 0.1% (v/v) FA, and 4 l of each sample was analyzed by an online reverse-phase LC-MS/MS platform consisting of an Eksigent NanoLC-Ultra 2D plus system (AB SCIEX) coupled with a Q Exactive Hybrid quadrupole-orbitrap mass spectrometer (Thermo Fisher Scientific) via a nano-electrospray source. Peptide mixtures were separated by reverse-phase chromatography on a home-packed ReproSil-Pur C18-AQ column (75-m internal diameter ϫ 15 cm, 1.9 m, 200-Å pore size; Dr-Maisch GmbH, Ammerbuch, Germany) in a 4-h LC gradient of 2-80% buffer B (ACN in 0.1% (v/v) FA) at a flow rate of 300 nl/min. The Q Exactive instrument was operated in the data-dependent mode to simultaneously scan MS spectra (from m/z 400 to 2000) in the Orbitrap analyzer at resolution r ϭ 70,000. Up to the 12 most intense peaks with a charge state Ն2 and having a signal threshold Ͼ500 counts were selected for fragmentation in the ion trap through higher-energy collisional dissociation. Dynamic exclusion was set as follows: repeat count 1, repeat duration 30 s, and an exclusion duration of 90 s. System control and data collection were carried out with Xcalibur software version 2.2 (Thermo Fisher Scientific).
Cultured RPE samples enriched in phosphopeptides were analyzed with a Dionex Ultimate 3000 nanoflow HPLC interfaced with a Finnigan Orbitrap LTQ Elite ion trap mass spectrometer system (Thermo Fisher Scientific). The HPLC system consisted of an Acclaim PepMap 100 precolumn (75-m internal diameter ϫ 2 cm, C18, 3 m, 100-Å pore size) followed by an Acclaim PepMap RSLC analytical column (75-m internal diameter ϫ 15 cm, C18, 2 m, 100-Å pore size). 5-l volumes of the extract were injected, and peptides eluted from the column by an acetonitrile, 0.1% formic acid gradient at a flow rate of 0.3 l/min were introduced into the source of the mass spectrometer online. The digest was analyzed using the data-dependent multitask capability of the instrument acquiring full-scan mass spectra to determine peptide molecular weights and product ion spectra to determine the amino acid sequence in successive instrument scans.
Mass spectrometry database search and bioinformatic analyses
Proteomic and phosphoproteomic data were analyzed and quantified with MaxQuant (version 1.3.0.5) using Andromeda as a search engine against the UniProt database restricted to human (Homo sapiens, released August 2014) and mouse (Mus musculus, released May 2013) taxonomy concatenated with a decoy of reversed sequences for ARPE-19 and RPE data, respectively. The precursor ion mass tolerance was 6 ppm, and fragment mass deviation was 0.5 Da for MS/MS spectra. The search included variable modifications of methionine oxidation, Nterminal acetylation, and Ser/Thr/Tyr phosphorylation and a fixed modification of Cys carbamidomethylation. Trypsin/P (cleavage after Lys/Arg residues, including Lys/Arg-Pro residues) was set as the cleavage specificity with two missed cleavages. For peptide and protein identification, the cutoff FDRs were both set to 0.01, and the minimum peptide length was set to 7. Identification across different replicates and adjacent fractions was achieved by enabling a match between runs within a time window of 2 min. High stringency of the analysis aimed to prevent quantification of bovine photoreceptor-derived proteins in the ARPE-19 samples. Default settings were used for all other parameters in MaxQuant. The protein group files (proteomic analysis) and phosphorylation (STY) site files (phosphoproteomic analysis) from ARPE-19 or RPE experiments were imported into Perseus (version 1.5.2.4) for their respective analyses.
One-way ANOVA was used to find the POS-stimulated proteome and phosphoproteome in the ARPE-19 data set (permutation-based FDR estimation, q Ͻ 0.05), whereas Student's t test was employed with the RPE proteome and phosphoproteome data sets to identify statistically significant (p Ͻ 0.05) differences in expression at the protein and phosphorylation levels, respectively. For the hierarchical clustering analysis, log values for the normalized L/H ratio of each protein and phosphopeptide profile were determined after z-score normalization of the data within Euclidean distances, respectively. GO annotation and pathway enrichment analyses were implemented with DAVID (61). Ingenuity Pathway Analysis (IPA) software (version 7.5; Qiagen) was used to analyze the biological functions, protein-protein interactions, and signaling pathway annotations of proteins and phosphoproteins responding to POS stimulation. Motif analysis was performed with iceLogo (62), scoring by percentage difference with a significance threshold of 0.05 for a sequence window of 15 amino acids surrounding the phosphorylated residues of POS-stimulated phosphopeptides against the class I phosphoproteome (localization probability score Ͼ0.75). Protein interaction network analyses of the significantly altered proteome and phosphoproteome in ARPE-19 and native RPE data sets were performed with STRING (63) using a high confidence (0.7) threshold. iGPS 1.0 (64) was used to predict possible site-specific kinase-substrate relationships between putative protein kinases and significantly altered phosphopeptides in the ARPE-19 phosphoproteome data set with a medium threshold.
Immunoblot analysis
Isolated proteins were resolved on 4 -20% SDS-polyacrylamide gels and transferred to PVDF membranes with a Bio-Rad Mini-PROTEAN Tetra Cell. Membranes then were blocked with 5% nonfat milk for 1 h at room temperature. Primary antibodies against phospho-GSK3␤ (Ser-9), phospho-CTNNB1 (Ser-552), phospho-ERK1/2 (Thr-202/Tyr-204), and phospho-Akt (Ser-473) as well as anti-GSK3␤, anti-ERK1/2, and anti-Akt antibodies were purchased from Cell Signaling Technology (Danvers, MA), and anti-CTNNB1 primary antibody was from Santa Cruz Biotechnology, Inc. (Dallas, TX). Primary antibodies were diluted with 5% bovine serum albumin in PBS-Tween 20 (PBST) and incubated with membranes overnight at 4°C. Membranes were then washed in PBS three times for 10 min each and incubated with HRP-conjugated secondary antibodies (1:5000; Jackson ImmunoResearch Laboratories, West Grove, PA) in 5% nonfat milk for 1 h at room temperature. Membranes were washed again in PBS three times for 10 min each. Bands were visualized after incubation with the Thermo Fisher Scientific SuperSignal West Pico chemiluminescent substrate and subsequent exposure to CL-XPosure film (Waltham, MA).
